Recent measurements of cosmic-ray light nuclei by AMS-02 have shown that there is an unexpected component of cosmic-ray (CR) lithium whose spectral index is harder than that expected from the secondary production scenario. We propose the nearby Type Ia supernova following a nova eruption as the origin of lithium nuclei in the CRs. By fitting the data of CR protons, helium, and lithium fluxes provided by AMS-02 with our theoretical model we show that this scenario is consistent with the observations. The observational tests that can check our hypothesis are briefly discussed.
I. INTRODUCTION
It is widely believed that the cosmic-rays (CRs) below ∼ 10 15.5 eV (so called knee) are originated in Galactic supernovae (SNe), which can supply enough energy to maintain the CR energy density in the present day Galaxy and also provide an efficient particle acceleration mechanism by the so-called diffusive shock acceleration [1] . Actually, recent gamma-ray observations showed that the spectra (in the unit of erg cm −2 s −1 ) of some supernova remnants (SNRs) below ∼ 200 MeV are steeply rising and exhibiting a break at ∼ 200 MeV, which indicates that the gamma-ray emissions are produced via hadronic interactions between high energy CR particles accelerated at the SNRs and surrounding gas [2] .
In addition, recent direct observations of CR particles by AMS-02 experiment [3] [4] [5] improve the previous results by PAMELA [7] , CREAM [8] , AMS [9, 10] , and ATIC-2 [11] . Especially, it has clearly shown that the spectra of CR protons and helium nuclei, which are believed to be accelerated at the SNRs primarily, do not have a single power-law form but each of them is dominated by an extra hard component above the energy of ∼ 300 GV. The origin of this spectral hardening has been controversial: it could be due to the nonlinear acceleration at the source [12] [13] [14] , the energy dependence of the diffusion coefficient [15, 16] , the existence of local sources [17, 18, 20, 21] , or the reacceleration of secondary nuclei produced by spallation during propagation [19] . Moreover, AMS-02 revealed that the spectrum of CR lithium nuclei, which are considered to be produced via nuclear interactions of primary CR nuclei with interstellar matter during propagation [22] , has an unexpected hard component which dominates above ∼ 300 GeV [6] . What is * norita@kusastro.kyoto-u.ac.jp interesting is that the spectral index of the extra CR Li seems quite similar to that of the extra CR protons. This implies that this extra CR Li component is not produced secondarily (i.e., via the spallation of heavier nuclei), but are accelerated as primary CRs like protons and helium nuclei at the sources [23] .
This extra CR lithium may have originated in an environment rich in lithium. Several sites have been proposed as the source of lithium in the Universe: the Big bang nucleosynthesis (see [25] for review), stellar flares in evolved low mass stars [26] , supernova explosions [27] , and novae [28] . Direct observational evidence of lithium production in these sites have not been found for a long time, but very recently, Tajitsu et al. [29] reported the detection of 7 Be in the post-outburst spectra of the classical nova V339 Del (Nova Delphini 2013), which shows that 7 Be nuclei are created during the nova explosion via α-capture reaction, 3 He(α, γ) 7 Be. Since 7 Be decays to 7 Li with half-life of 53.22 days, this observation strongly supports that novae supply significant amount of 7 Li to the interstellar medium. They evaluated the mass fraction of 7 Be in the ejecta as X( 7 Be) ∼ 10 −4.3±0.3 . These discoveries show that novae are important production sites of 7 Li nuclei (see also [30] [31] [32] ). Nova eruption occurs when the hydrogen gas accreted onto a white dwarf from its companion star accumulates and undergoes thermonuclear runaways. This happens when the mass accretion rate is as low asṀ 10 −8 − 10 −7 M ⊙ yr −1 . In a single nova eruption the ejecta mass would be up to M ej,nova ∼ 10 −4 M ⊙ [33] , and it would be mixed with the interstellar medium to supply significant amount of lithium ( 10 −8 M ⊙ per nova eruption) into the interstellar space. If the accretion rate onto a white dwarf from its non-degenerate companion star is above the mass range which is so called the stability strip (Ṁ ∼ 5 × 10 −7 M ⊙ year −1 for a 1.4 M ⊙ white dwarf; [35] ), a white dwarf gains mass toward the Chandrasekhar limit thanks to stable hydrogen burning on its nova ejecta (Li- surface, which may result in the thermonuclear disruption. This is the so called single degenerate scenario of Type Ia supernovae [36, 37] (see also [38] ). It is proposed that recurrent novae, which have undergone a number of eruptions, are one of the possible channels for Type Ia supernova explosions (e.g. [39, 40] ). If this is true, the circumstellar matter polluted by a number of preceding nova ejecta rich in lithium, should surround the progenitor of the Type Ia supernova and could supply plenty of lithium as seed nuclei of CRs. Actually, a recently discovered supernova PTF11kx showed saturated Ca II H and K absorption lines and weak Na I D lines in its initial spectrum, and a strong Hα line emission with a P-Cygni profile in its subsequent emission [41] . These features imply that this supernova is interacting with multiple expanding shells, and it is suggested that PTF11kx was a bona fide Type Ia supernova with a nova progenitor.
We propose that the CR lithium nuclei would be efficiently accelerated when the nova ejecta is swept up by a blast wave from a subsequent Type Ia supernova explosion (see Fig.1 ), and that the extra hard components of CR protons, helium, and lithium are produced at a nearby Type Ia supernova occurring in such an environment. In the following sections, we investigate quantitatively the possibility that a nearby Type Ia supernova occurring after the nova eruption is the origin of observed CR lithium excess, and make some predictions for the future CR experiments.
II. MODEL
We assume that the flux of proton, helium, and lithium observed by AMS-02 is a superposition of two components; one is from a hypothetical nearby Type Ia supernova and the other is the background flux due to myriad sources in the Galaxy (e.g. [42] ) except the hypothetical supernova. We deduce some properties of the hypothetical supernova in the framework of a simple propagation model from the extra CR components which is estimated by the observed flux from which the background component is subtracted. The background fluxes of CR protons and helium as functions of rigidity R can be well fitted by a single power-law with indices of ∼ −2.849 [3] , ∼ −2.780 and [4] , respectively. We can also fit the background flux of CR lithium with a single power-law with index ∼ −3.1 (see Fig. 2 ). Above ∼ 300 GeV, each of CR fluxes is dominated by an extra component with a harder index. Let us account for these extra components with the contribution from a single supernova remnant. The propagation of CR nuclei in the interstellar medium can be described by the diffusion equation,
where f i (r, R, t) is the distribution function of CR iparticles at the distance r from a source and the time of t, with rigidity of R, D(R) is the diffusion coefficient in the interstellar medium, and Q i (r, R, t) is the CR injection rate from a source. Here we assume that the propagation is described as a pure diffusion process and that the energy losses and nuclear reactions are neglected. When we assume the instantaneous CR injection from a point-like source (i.e., Q i ∝ δ(t)δ(r)), the solution of this equation can be described as
where Q i,0 (R) is the injection spectrum of CR particles i. It is often assumed that the diffusion coefficient has a power-law like dependence on energy:
where D 0 and δ are constants. Hereafter we assume the injection spectrum, Q i,0 , as a single powerlaw function of the energy ǫ = (Z i eR) 2 + (N i m p c 2 ) 2 with index of α (i.e. Q i,0 (R) = q i,0 ǫ −α where q i,0 is the normalization factor), where Z and N are the atomic number and mass number of a particle i, respectively. In this case Eq. (2) can be approximated by a power-law with index of α + (3/2)δ in the energy range where the diffusion length (4Dt) 1/2 is much larger than the distance r.
The distribution function shown in Eq. (2) is a convex function of rigidity which attains its maximum value at
where r 0 = (4D 0 t) 1/2 is the diffusion length of a particle with rigidity of 1 GV. Assuming that the rigidity index of the diffusion coefficient is δ = 1/3, which has been indicated by the recent AMS-02 result [5] , this peak rigidity can be described as
where we fix the spectral index at the source as α = 2.2 so that the spectral index above the peak is nearly equal to that of the observed extra flux component, γ + ∆γ ≃ −2.7. In order to fit the hard extra components by Eq. (2), this peak rigidity should be much lower than ∼ 300 GV, above which the extra component can be approximated by a simple power-law without a break.
III. RESULTS AND DISCUSSION
By fitting the data of CR protons, He and Li by AMS-02 with our model spectra, we can evaluate the distance and age of the hypothetical source and the normalization factors q i,0 (i = p, He and Li) using Levenberg-Maruardt method. 
where ǫ max is the upper limit of this energy integration. Since we assume that the injection spectrum Q i,0 (R) has a spectral index steeper than 2, the choice of ǫ max does not affect the results so much. Note that the different choice of the rigidity index of the diffusion coefficient δ would impact the fitting parameters such as the age and distance of the source by a factor of a few at most. One can easily see from the equation (2), the functional form of the extra component would be the same as long as the ratios Q i,0 (R)/(D 0 t) 3/2 and r 2 /(D 0 t) are unchanged. This means that the different choice of the diffusion coefficient D 0 gives us the different parameter set that can fit the observed CR data. Even if D 0 is fixed, one cannot determine uniquely the distance and age of the CR source, and the total CR masses. However, we should note that, with the condition that the peak energy of the extra component (4) is much lower than ∼ 300 GV and that the total CR energy i E CR,i is smaller than the typical energy injected into CRs per supernova ∼ 10 50 ergs, we can give the constraint on the distance of the source as r 350 pc, which is independent of the diffusion coefficient. In other words, the source of the extra CR components should be a local source within our model. Let us discuss the relevance of the parameters adopted in the fitting presented in the previous section. In the example presented in the previous section it is required that there is only a single source that emit CR protons, helium and lithium (i.e., a SN Ia occurring after nova eruptions) in the vicinity of the solar system (within a few hundred parsecs) in the last ∼ 10 4 years. The rate of SNe Ia in our Galaxy is estimated as ≃ 1.4 per century for the total Galactic supernova rate of ≃ 4.6 per century [46] . In addition, it is observationally implied that the fraction of SNe Ia that show strong interaction with their circumstellar medium like PTF11kx is ∼ 20% of all SNe Ia [47] . From these facts, we can roughly estimate the rate of SNe Ia that have strong interaction with circumstellar medium in the vicinity of the solar system ( 1 kpc) as no more than 0.03 per century, and then our assumption is marginally reasonable.
The relevance of the amount of CRs emitted from a source should also be checked. In our model, the total mass of CR particles coming from our hypothetical source is i M CR,i ≃ 3.3 × 10 −6 M ⊙ . Comparing this value to the typical mass of ejecta erupted from a nova eruption, ∼ 10 −4 M ⊙ [48] , we obtain the required acceleration efficiency in our scenario would be up to ∼ 3 × 10 −2 . According to [49] , who investigated the fraction of particles in the ambient plasma that are accelerated by the SNR shocks as a function of temperature, the acceleration efficiency would be greater than a few times 10 −2 when the temperature is higher than 10 4 K. According to the radio observations the temperature of nova ejecta is about 10 4 K [50, 51] , which would justify the large acceleration efficiency required in our model. Moreover, if there were multiple nova eruptions prior to the supernova explosion, which is just what was implied by the observation of PTF 11kx [41] , the required acceleration efficiency would be relaxed.
The abundance ratios of CR particles in the extra components are also important. Our fitting shows that the mass ratio of helium to protons (M CR,He /M CR,p ), and the ratio of lithium to protons in CR particles (M CR,Li /M CR,p ) in the extra hard component are ≃ 0.65 and ≃ 0.005, respectively. The former ratio is consistent with the theoretical calculations of nucleosynthesis in the nova ejecta (e.g. [52, 53] ). The latter ratio is an order of magnitude larger than the mass ratio of lithium in the nova ejecta inferred from the observation, ∼ 10 −4 [29, 32] . However, this gap would be filled up by taking into account the dependence of acceleration efficiency on the first ionization potential (FIP). Meyer shows how the overabundance of elements in Galactic CRs with respect to local interstellar medium could be related to their FIPs [54] . According to his results, the abundance of sodium, whose FIP is ∼ 5 eV, in the Galactic CRs is similar to that in the interstellar medium, while the abundance of hydrogen, whose FIP is ∼ 13 eV, in the Galactic CRs is a factor of ∼ 0.03 smaller than that in the interstellar medium. This implies that the elements with smaller FIPs are more likely to be accelerated at the shock than those with larger FIPs. Since the FIP of lithium is about ∼ 5 eV, the mass fraction of lithium in the Galactic CRs would be enhanced by a factor of a few tens from that in the nova ejecta. If this is the case, the abundance ratio in the extra component obtained by the fitting is consistent with our model. The volatility of elements is the other relevant atomic property that may control the enhancement of some elements in CRs [55] . According to [56] , the 50% condensation temperature of Li is as high as 1142 K, which is comparable with that of P (1229 K). This implies that Li is as refractory as P, and that its acceleration efficiency would be enhanced by a factor of O(10) with respect to volatile elements, such as protons and helium. As for the abundance and spectral indice of CRs below the break, our scenario does not give any implication because in that energy range the contribution from our hypothetical supernova is subdominant. To account for the CR spectra and composition below ∼ 300 GV, we can consider the CR acceleration at supernovae in superbubbles [57, 58] .
As CR protons and helium, CR lithium also show a spectral break at ∼ 300 GV as we mentioned above [63] . These three elements show their spectral breaks at remarkably similar rigidity values regardless of the large difference in the intensities. However, this similarity may only be accidental one when we consider that lithium in the background Galactic CR (i.e. in the rigidity range below the break) is purely secondary CRs in contrast to the primary origin of protons and helium.
Finally we would like to emphasize that our scenario presented in this letter predicts some interesting specific properties of GCRs which could be checked by direct observations in space or with balloons such as AMS-02, CALET [59] , DAMPE [60] , ISS-CREAM [61] , and others including future experiments. First, the fluxes of CR beryllium and boron nuclei would not show any excesses over the component expected from spallation of heavier elements in the energy range above ∼ 300 GV because these two elements would not be synthesized in nova explosions. Second, CREAM reported a hint of a spectra hardening in CR carbon flux as well as in the other major heavy elements up to iron above ∼ 200 GeV/n [62] . Recent precise measurements of CR carbon, nitrogen, and oxygen fluxes by AMS-02 also revealed a surprising spectral hardening above ∼ 300 GV, almost the same rigidity where the spectral hardening was seen for proton, helium, and lithium [63] . The spectral hardening of the heavy elements including carbon may be naturally expected in our scenario, because significant amount of these elements could have been synthesized in the nova explosions and could be accelerated in the subsequent Type Ia supernova together with lithium, proton and helium of the same origin. On the other hand, a spectral hardening should not be seen in the boron flux, because boron cannot be synthesized in the nova explosions as stated above. Consequently the boron to carbon ratio would decrease much faster with energy than expected from a naive model for the energy dependence of the escape time of GCRs from the Galaxy, although in the paper [5] they claim that the new AMS-02 data of the ratio up to ∼ 2.6 TV reveals that its energy dependence is described by a single power-law with the index expected from the Kolmogorov model of the interstellar turbulence. The departure of the value expected by our model from this simple power-law would be seen clearly in the much higher energy range than covered by AMS-02 observations. Third, the energy dependence of the isotope ratio 7 Li/ 6 Li would be the most crucial test for our scenario. In the lower energy range below ∼ 300 GV, both isotopes are mainly the spallation products of the background heavier CR elements such as carbon and oxygen. Accordingly the isotopic ratio is determined essentially by the ratio of the spallation cross section value of each isotope modified by the solar modulation effect. On the other hand in the higher energy range above ∼ 300 GeV, this isotopic ratio would dramatically increase with energy because this extra flux of lithium from the hypothetical supernova should consist of almost pure 7 Li, because only 7 Li isotope should have been synthesized in the nova explosions which were followed by the supernova explosion as stated in the introduction. Although the separation of these isotopes at these energies would be impossible in the current experiments such as AMS-02, it is one of the promising probe to distinguish models by future experiments. Finally, we point out a possibility of an energy dependent, strong dipole anisotropy in the CR arrival direction, because the source of the extra component is estimated to be rather close to the solar system and to be relatively young. Observations of the anisotropy by various instruments will allow another test of our scenario of nearby Type Ia su-pernova model and also may give important constraints on the value of the local diffusion coefficient, because the degree of expected anisotropy strongly depends on the absolute value of the diffusion coefficient. The details of our predictions stated above will be discussed more quantitatively in the forthcoming paper.
